, where c = p/5 Z 0 tracks the degree of transition-metal cation-redox capacity. This part of the capacity at around 3 V vs. Li + /Li was practically seen to be reversible, and the spinel structure could be maintained as long as p r 2.5 (c r 0. . Furthermore, by pairing with a prelithiated Sn metal anode in a standard carbonate electrolyte, the dissolved Mn-ion's attack on the anode seems to be less of a problem. This enables the stable cycling of a Li-matched full cell based on the Li 4 Mn 5 O 12 -like cathode for more than 100 cycles.
Low-temperature synthesized Li 4 The reversible anion-redox contribution is attributed to the tiny particle size (o10 nm), which facilitates electron tunneling, and a possible random solid-solution in the Li(Mn 5/3 Li 1/3 )O 4 lattice due to the low synthesis temperature.
Although the spinel Li 4 Mn 5 O 12 is cost-effective 1 and environmentfriendly without the expensive and toxic Co or Ni, it has significant challenges to meet the demands of rechargeable batteries. Among them, the relatively low specific capacity has been a bottleneck ever since it was initially reported by M. M. Thackeray two decades ago. 2 , where c = p/5 Z 0 tracks the degree of transition-metal cation-redox capacity. This part of the capacity at around 3 V vs. Li + /Li was practically seen to be reversible, and the spinel structure could be maintained as long as p r 2.5 (c r 0. and the cation-redox capacity contributes 56% (p = 2.5, c = 0.5, 135.5 mA h g À1 ), and the reaction coordinate of eqn (1) is kinked as illustrated in Fig. 1a . In practice, a high discharge specific capacity of 212 mA h g À1 and energy density of 668 W h kg À1 were achieved in half cells. The low-temperature solid-state synthesis process is illustrated in Fig. S1 (ESI †). The Li 4 Mn 5 O 12 -like cathode was prepared through a solid-state process, which is very simple and scalable. The as-obtained sample was then characterized by X-ray diffraction (XRD), and the XRD pattern (Fig. 1b) 15 we found that the particle size was 9.57 nm and the microstrain fluctuation (slope of broadening vs. 4 sin y) was BÀ0.00246 (as shown in Fig. 1c ). The small, but negative, value of À0.00246 is unusual and means that the particle sizes are so small that the anisotropic surface stress and other factors give a nonuniform strain distribution. The sub-10 nm nanoparticulate nature (due to the low-T synthesis, which prevented coarsening) is believed to play a key role in the ability to utilize the anion-redox capacity. When Mn stays at 4+ (the red leg of the reaction coordinate in Fig. 1a) , the electronic conductivity has to be low due to the lack of transition-metal polaron conduction (unlike the blue leg, where there is an abundant mixture of Mn 4+ and Mn
3+
). Therefore, one relies more on the surface conduction and electron tunneling mechanisms, which favors smaller particles. On the other hand, while the smaller particles have favorable kinetics, they also have more side reactions with the electrolyte, so an optimal particle size should exist.
X-ray photoelectron spectroscopy (XPS) was carried out (Fig. 1d Fig. S2a and S2b (ESI †). Secondary microparticles with a diameter of around 5 mm can be seen (Fig. S2a, ESI †) , and a closer observation in Fig. S2b (ESI †) reveals that the secondary particles are self-assembled by the primary nanoparticles. Such a hierarchical microstructure could also be identified by transmission electron microscopy (TEM) (Fig. S3, ESI †) , where subunits of B20-100 nm agglomerated and formed B5 mm particles. It is generally believed that such nano-sized crystallinity could effectively accommodate the strain of Jahn-Teller distortion through the slippage at the domain wall boundaries, and thus is beneficial to the stability of the cathode material.
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The (at 0.1C) in the first discharge, when the net-additional lithium was provided by the counter electrode. In the following 20 cycles, the specific capacity increases gradually and reaches a maximum value of 212 mA h g À1 (a discharge energy density of 668 W h kg
À1
) at the 20th cycle. This would be impossible without the anion-redox m,a-contributions. As discussed before, since the tetravalent manganese ions cannot be oxidized, the first charge capacity of 82.6 mA h g À1 that we measured must arise from the O-redox reaction, which turns out to be highly reversible in the following cycles. The progress coordinate of reaction (1) contains a directional change as illustrated in Fig. 1a . It is commonly believed that Jahn-Teller distortion has no chance of causing a phase change/structural collapse as long as the oxidation state of the manganese ions stays above 3.5. 4 Our Li 4 Mn 5 O 12 -like cathode, which was prepared by a simple one-pot synthesis and was not optimized, could still maintain a capacity of 153 mA h g À1 and an energy density of 470 W h kg
at room temperature after 145 cycles, as shown in Fig. 2c . Interestingly, the capacity exhibits an increasing trend during the initial 20 cycles, which we believe is associated with an activation process. From the 30th cycle, the capacity starts to decay, possibly originating from the dissolution of manganese with a disproportionation reaction of Mn . After 45 cycles, the capacity stabilizes at 204 mA h g À1 with hardly any capacity attenuation.
Based on the analysis above, the discharge capacities of the Li 4 Mn 5 O 12 -like cathode include hybrid cation-and anion-redox capacities. Here, we separate the capacities into two parts in a discharge curve of the 20th cycle, which are attributed to the cation-redox and anion-redox processes, as shown in Fig. 3a . The capacity attributed by the anion-redox process is 103.6 mA h g À1 , which can be described as a reaction of Li 4 Fig. 3c . During the first charging process, O 2 was generated once the potential exceeded 3.4 V, implying that there was O 2À oxidation.
From the second cycle, no O 2 generation was detected, indicative of a possible existence of solid-state peroxide, which was further confirmed through XPS characterization (Fig. 3d) It disappeared when the sample was discharged to 1.8 V. We anticipate that the reversible appearance/disappearance of the 531.1 eV peak during the charge/discharge process reveals the reversibility of the anion-redox reaction. In addition, the other peak at 533.2 eV corresponds to electrolyte oxidation. 22, 23 We are intrigued as to why our samples manifest a reversible capacity 
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